IntroductIon

Mucosal-associated invariant T (MAIT) cells are nonconventional CD3
+ CD4 − CD161 high T lymphocytes, which express a semi-invariant TCR (Vα7.2-Jα33/20/12 in humans, Vα19-Jα33 in mice, combined with a restricted set of Vβ chains; Tilloy et al., 1999; Treiner et al., 2003; Reantragoon et al., 2013; Lepore et al., 2014) . MAIT TCRs recognize microbial-derived riboflavin (vitamin B2) biosynthesis intermediate derivatives, such as 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU), presented by the monomorphic MHC class I-related molecule (MR1; Treiner et al., 2003; Kjer-Nielsen et al., 2012; Corbett et al., 2014) . MAIT cells are preferentially localized in mucosal tissues, including gut and lung, and the liver and represent the most abundant innate-like T cell population in human peripheral blood, comprising up to 10% of the entire T cell population (Martin et al., 2009; Dusseaux et al., 2011) . This compares with just 0.1% for natural killer T (NKT) cells, another population of semi-invariant innate-like T cells recognizing glycolipids presented by CD1d. Upon recognition of microbial antigens, MAIT cells display immediate effector responses by secreting inflammatory cytokines and mediating cytotoxicity against bacterially infected cells (Gold et al., 2010; Dusseaux et al., 2011; Le Bourhis et al., 2013; Kurioka et al., 2015; Dias et al., 2017) . Thus, MAIT cells have emerged as potentially crucial for antimicrobial defense (Le Bourhis et al., 2010; Georgel et al., 2011; Meierovics et al., 2013; Leung et al., 2014; Smith et al., 2014; Booth et al., 2015; Meierovics and Cowley, 2016; Chen et al., 2017) . In addition to microbial products derived from vitamin B2 synthesis, other MR1-binding ligands have been identified, including the nonstimulatory folic acid derivative 6-formyl-pterin (6-FP; Kjer-Nielsen et al., 2012) , and various activating and nonactivating drugs and drug-like molecules (Keller et al., 2017b) , but the clinical relevance of these ligands is yet to be elucidated. Finally, MAIT cells can respond to a combination of cytokines, such as IL-12 and IL-18, in an MR1-independent fashion (Ussher et al., 2014; Slichter et al., 2016) , further extending their potential participation in high populations, in a process requiring at least 6 years to reach adult levels. thus, the high clonal size of adult MAIt cells is antigen-driven and likely due to the fine specificity of the tcrαβ chains recognizing Mr1-restricted microbial antigens.
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At birth, adaptive immunity is naive in the absence of in utero exposure to antigens. Maturation of the immune response occurs gradually after birth in response to antigenic stimulation from the environment (Adkins et al., 2004; Levy, 2007) . In the absence of a fully developed adaptive immunity, newborns are heavily dependent on innate immunity for the control and prevention of infections during the first months of life (Kollmann et al., 2017) . Preterm neonates suffer a high frequency and severity of microbial infections, many of them occurring spontaneously across epithelial barriers because of the immaturity of the immune system. Because MAIT cells represent a large pool of T cells able to rapidly respond to a wide range of microorganisms, they might be crucial for newborn immunity before the maturation of the specific and long-term memory adaptive immunity.
How and when human MAIT cells develop and differentiate after birth remains, however, little explored. MAIT cells represent only a very small fraction of cord blood T cells but, in contrast, are predominant in adult blood (Martin et al., 2009; Dusseaux et al., 2011; Walker et al., 2012) , indicating that thymopoiesis is complemented by an important postnatal peripheral expansion. Using MR1 :5 -OP -RU tetramers, Koay et al. (2016) ) are largely predominant. In mice, MAIT cell maturation requires the promyelocytic leukemia zinc finger (PLZF) transcription factor and commensal microbiota (Martin et al., 2009; Koay et al., 2016) . However, studies in mice are not really contributive to understand the mechanisms driving postnatal MAIT development in the human, because of fundamental differences regarding the maturity of the immune system at birth and the frequency of MAIT cells (Cui et al., 2015; Rahimpour et al., 2015) . Owing to the difficulty of performing longitudinal studies in infants, only a couple cross-sectional studies have been conducted on small cohorts, showing that MAIT frequency gradually increased with age in the peripheral blood (Dusseaux et al., 2011; Koay et al., 2016) . However, comprehensive analysis across the ages is lacking. In addition, it can be discussed whether MAIT cells are defined as Vα7.2 + CD161 high cells selected by the restricting MR1 molecule expressed by CD4 + CD8
+ thymocytes leading to PLZF expression or only as T cells binding to the MR1 :5 -OP -RU tetramer (Keller et al., 2017a; Legoux et al., 2017) .
Here, we analyzed the postnatal expansion and maturation of Vα7. (Reantragoon et al., 2013) . In cord blood however, the frequency of tetramer pos Vα7.2 + CD161 high T cells is much lower than in adult blood (Koay et al., 2016) These results were confirmed and extended by using deep sequencing of the TRAV1-2 gene and quantification of the canonical MAIT TCR (TRAV1-2 TRAJ33/20/12 and 12-amino acid-long CDR3) in sorted Vα7.2 + CD161 high and Vα7.2 + CD161 − populations from cord blood and adult blood ( Fig. 1 B, left) . Although canonical MAIT TCRs were 5.7 times less frequent in the Vα7.2 + CD161 high fraction from cord blood compared with adult blood (mean ±16.6% and 95.7%, respectively), they were still identified at a much higher frequency than in the Vα7.2 + CD161 − population, both in cord blood and adult blood. Moreover, we found that the cord blood Vα7.2 + CD161 high population was not en-riched for another recently described conserved Vα7.2 + T cell population, the CD1b-reactive germline-encoded mycolyl lipid-reactive (GEM) T cells characterized by a TRAV1-2 TRAJ9 and 13-amino acid-long CDR3 TCR  Fig. 1 B, right) .
Altogether, these results indicate that the Vα7.2 and CD161 staining allows identification of circulating stage 3 MAIT cells at birth. However, the Vα7.2 + CD161 high fraction in cord blood may also encompass other T cells probably sharing a common developmental pathway (as discussed in Legoux et al. [2017] ).
We determined the frequency and absolute numbers of peripheral blood Vα7.2 + CD161 high CD3 + CD4 − T cells in a cohort of 153 neonates (born between 24 and 42 wk postconception) admitted at birth in the Neonatology Department. In line with studies in cord blood, the frequency of Vα7. 2   +   CD161 high T cells in newborns was 30 times lower than in healthy adults (mean proportion among CD3 + cells 0.07% and 2.16%, respectively; Fig. 1 , C and D). Of note, significant differences were observed when newborns were divided according to gestational age, with extremely preterm babies displaying higher Vα7.2 + CD161 high T cell frequencies than term babies (mean in group 1: 0.10%; group 2: 0.08%; group 3: 0.07%; group 4: 0.04%; P for trend = 0.0002; Fig. 1 E) . This inverse relationship with gestational age over the 24-to 42-wk span was not observed for conventional αβ T cells (both CD4 and CD8; Fig. 1 E, bottom) . The frequency of Vα7.2 + CD161 high T cells in neonates was not correlated to that of their mother on the day of delivery (Fig. 1 F) .
CD161 expression in CD8 T cells is a marker of type-17 differentiation program and is associated with specific tissue homing properties (Billerbeck et al., 2010; Maggi et al., 2010) . Although the CD161 high CD8 T cell population is dominated by Vα7.2 + MAIT cells in adult blood, the opposite has been observed in cord blood where Vα7.2 − cells are predominant (Walker et al., 2012) . In neonates, Vα7.2 − CD161 high T cells were 10 times more abundant than Vα7.2 + CD161 high T cells, and their frequency was inversely correlated with gestational age (Fig. 1 E) . Moreover, Vα7.2 + and Vα7.2 − CD161 high T cell frequencies were strongly correlated (r = 0.80, P < 0.0001), supporting the hypothesis that these two populations have a common prenatal developmental program (Walker et al., 2012; Legoux et al., 2017; Fig. 1 G) . NKT cell frequencies were also negatively related to gestational age, but their correlation with Vα7.2 + and Vα7.2 − CD161 high T cell frequencies was much weaker (Fig. 1, E and G) .
In 21 twin pairs the percentages of Vα7.2 + CD161 high T cells were highly correlated between monozygotic, and strikingly also dizygotic twins, at variance with the large variability observed among unrelated neonates. The same correlation was observed for Vα7.2 − CD161 high T cells and NKT cells (Fig. 1 H) . This suggests that common prenatal environmental factors may control the development of innate-like T cell populations.
Collectively, our results indicate that fetal Vα7.2 + CD161 high T cells undergo an early wave of thymic development, in agreement with their presence in the thymus of aborted second-trimester fetuses (Leeansyah et al., 2014) . Their decline with gestational age, also observed for Vα7.2
high and NKT cells, may be related to their recruitment to mucosal tissues at the end of gestation, although there was no correlation between gestational age and Vα7.2 + CD161 high T cell frequency in the fetal tissues examined in a previous study (Leeansyah et al., 2014) . More likely, this decreased frequency is due to the dilution of innate-like T cells by conventional T cells seeding the periphery, as suggested by the concomitant increase of conventional CD4 and CD8 T lymphocyte absolute numbers (Fig. S1 A) .
Postnatal expansion and maturation of Vα7.2 + cd161 high t cells The low frequency of MAIT cells at birth may be related to the absence of microbial-derived MR1-ligands because of the sheltered intrauterine life. The acute transition from the normally sterile intrauterine environment to the postbirth antigen-rich environment (85% of the bacteria colonizing the gut synthesize riboflavin; Mondot et al., 2016) , should lead to an expansion of MAIT cells and acquisition of mem- , and NKT cells (right) between 21 twin pairs at birth (4 monozygotic and 17 dizygotic pairs, indicated by asterisks and circles, respectively). *, P < 0.01; **, P < 0.001; ***, P < 0.0001. ory features in the first weeks of life. Because the number of infants still hospitalized after 1 mo of life was relatively small, we extended our study to 132 additional neonates with gestational age distribution similar to that of the first cohort. As Vα7.2 + CD161 high T cell frequencies in this replication cohort entirely confirmed those from the first one, the two cohorts were combined hereafter (Fig. S1 B) . Vα7.2 + CD161 high T cell numbers only slightly increased during the first 2 mo of life, remaining much scarcer than in adult blood (Fig. 2 A) . Vα7.2 − CD161 high T and NKT cells did not significantly increase over time, as expected because their numbers in adults are quite similar to those in neonates.
Upon delivery, neonates are rapidly exposed to and colonized by maternal microorganisms whose composition is determined by the type of delivery (vaginal or C-section; Dominguez-Bello et al., 2010) . Because microbial colonization plays a major role in MAIT expansion in mice (Martin et al., 2009) , we wondered if the mode of delivery had an impact on Vα7.2 + CD161 high T cell numbers 1 mo after birth (Fig. 2 B) . There was no difference in Vα7.2 + CD161 high (as well as Vα7.2 − CD161 high and NKT) levels between vaginally and C-section-delivered infants, indicating that the type of microbiota colonizing the baby at birth does not influence early postnatal development of these T cells.
Nonmicrobial environmental factors, such as prolonged exposure to corticosteroid (CS) or vitamin D levels, were previously described as influencing MAIT cell frequencies in adults (Hinks et al., 2015 (Hinks et al., , 2016 . Because antenatal CS therapy is recommended in women at risk of imminent preterm birth, we compared Vα7.2 + CD161 high T cell frequencies in neonates and in their mothers between those receiving or not CS at least 48 h before delivery. There was no effect of such short-term CS treatment either in neonates or in their mothers (Fig. 2 C) . Because serum vitamin D levels were not available, we sought to identify whether there was a seasonal pattern in Vα7.2 + CD161 high T cell frequencies, given the known seasonal variation in vitamin D levels. There was no association between Vα7.2 + CD161 high T cell frequencies and the month in which neonates were born, suggesting the lack of relation with sunlight exposure of the mother (Fig. 2 D) .
In cord blood, MAIT cells are naive (CD45RA + /RO − ) and express the CD8αβ heterodimer, whereas they are mostly memory and express the CD8αα homodimer in adults (Martin et al., 2009; Dusseaux et al., 2011; Walker et al., 2012; Koay et al., 2016) . As expected, the vast majority of Vα7.2 + CD161 high T cells in neonates displayed a naive phenotype and expressed the CD8β chain, regardless of gestational age. Surprisingly, even though Vα7.2 + CD161 high T cells did not expand much in the early postnatal life, they very rapidly acquired a memory phenotype (Fig. 2 E) . As early as 2 mo of age, almost 40% of Vα7.2 + CD161 high T cells were already CD45RO or CD8αα/ αβ low , in sharp contrast to conventional T cells, which were nearly all still naive (mean 5.2% CD45RO + ; P < 0.0001). Because we could not follow up the development of Vα7.2 + CD161 high T cells in neonates after their discharge (i.e., at a maximum of 2 mo of life), we performed a cross-sectional analysis in 79 healthy children aged 10 mo to 17 yr and 50 adults aged 18-50 yr. Vα7.2 + CD161 high T cell frequencies slowly increased during infancy to reach a plateau around 6 yr of age, extending previous studies in smaller cohorts (Dusseaux et al., 2011; Koay et al., 2016) . In contrast, Vα7.2 − CD161 high T cell percentages remained stable over time (Fig. 2 F) .
Collectively, these results indicate that maturation of Vα7.2 + CD161 high T cells rapidly occurs after birth, whereas their gradual expansion with age is a very slow process.
Vα7.2 + cd161 high t cell recovery after cord blood transplantation
The progressive maturation of the neonatal immune system after birth shares some similarities with the progressive recovery of the immune cell subsets after allogeneic hematopoietic stem cell transplantation (HSCT) in children. These two clinical settings are characterized by a delayed development of the long-term protective adaptive immunity, associated with high predisposition to severe microbial infections. To study Vα7.2
high T cell recovery after HSCT, we took advantage of a longitudinal study in 17 children who received unrelated cord blood (UCB) transplantation. Vα7.2 + CD161 high T cells were almost undetectable in the circulation 1 mo after transplantation, indicating that the host's MAIT cells were not resistant to the myeloablative conditioning regimen given before HSCT, despite their expression of the multidrug efflux protein ABCB1 (Dusseaux et al., 2011) . Moreover, Vα7.2
high T cell numbers remained extremely low during the 12-mo study period, whereas Vα7.2 − CD161 high cells, conventional T cells, and B cells progressively increased to reach normal values 9-12 mo after transplantation (Fig. 3 A) . Of note, 80% of circulating Vα7.2 + CD161 high T cells displayed a naive phenotype 1 mo after HSCT, supporting that they represented donor (cord blood)-derived cells transferred with the graft and not host's residual cells. Thereafter, they rapidly acquired memory characteristics, as observed after birth. A rebound in naive Vα7.2 + CD161 high T cells occurred between 6 and 12 mo after HSCT (mean 42.5% vs. 75.6% CD45RO − ; P = 0.06), suggesting the emergence of new HSC-derived naive cells recently exiting the thymus (Fig. 3 B) . Importantly, the reconstitution profile of Vα7.2 + CD161 high T cells was not influenced by the occurrence of acute (<100 d after transplant) graft-versus-host disease (aGVHD) or severe microbial infection (Fig. 3 C) .
To check whether the lack of recovery of circulating Vα7.2 + CD161 high T cells could be related to their attraction to inflammatory tissues early after HSCT, we performed immunohistochemical analysis on biopsy samples. In the absence of available MR1 tetramers for in situ staining, we relied on Vα7.2 staining (which also detects other Vα7.2 + conventional T cells). In control samples, few Vα7.2 + cells were observed in the normal lamina propria, mostly at the bases of the villi and more occasionally at the villus tip and within the ep- high , and NKT cell expansion after birth in the whole neonate cohort. Results show the mean ± SEM of frequencies (left) and absolute numbers (right) in the indicated populations during the first 2 mo of life. Note that a varying number of subjects was analyzed at the different time points (n = 286 at day 0, n = 186 at day 3, n = 118 at day 30, and n = 49 at day 60) because of drop out (most subjects from groups 3 and 4 were discharged at day 30). ithelium, as reported (Reantragoon et al., 2013; Fig. 3 D) . Vα7.2 + T cells were not found in intestinal lymphoid structures (mesenteric lymph nodes, appendix), except for rare cells in the mantle region of intestinal lymphoid follicles. We next analyzed intestinal biopsies taken for diagnostic purpose (aGVHD vs. viral infection occurring within 3 mo after transplantation). Intestinal aGVHD was assessed by the presence of apoptotic epithelial cells (determined by caspase 3 staining; not depicted). Although large CD3 and CD8 T cell infiltrates were evidenced, no Vα7.2 + lymphocytes were detected in all aGVHD samples examined, whatever the anatomical location (stomach, ileum, colon, rectum) or the intensity/severity of the immune process. Vα7.2 + cells were also undetectable in biopsies from HSCT recipients with documented viral infection or reactivation (CMV, adenovirus, HHV6; Fig. 3 E) . Thus, the low recovery of circulating Vα7.2 + CD161 high T cells after HSCT is not related to their rapid trafficking to mucosal tissues in response to local inflammatory signals.
To extend our findings beyond 1 yr after transplant, we performed a cross-sectional analysis in 20 additional UCB transplant recipients sampled at the time of a routine hospital visit 1-6 yr after HSCT. Similar to what we observed during infancy, Vα7.2 + CD161 high T cell frequencies and absolute numbers progressively increased to reach values observed in healthy, age-matched controls around 5 yr after HSCT (Fig. 3 F) .
Collectively, these results indicate that, although effective thymic output may ensure an export of some new naive Vα7.2 + CD161 high T cells after UCB transplantation, it does not contribute much to their peripheral expansion, which requires other factors. In mice, the presence of B cells was shown to be necessary for MAIT cell expansion (Martin et al., 2009) . As the B cell compartment fully recovered as early as 3 mo after UCB transplantation, it is unlikely that the lack of B cells is responsible for the absence of MAIT expansion in the periphery in this setting.
relationships between Vα7.2 + cd161 high t cells and infections in neonates
Infection is particularly prevalent in early preterm births: chorioamnionitis is implicated in >85% of deliveries occurring before 28 wk of gestation, but the initiating infection may be subclinical (Rubens et al., 2014) . We analyzed the potential relationship between microbial infection and peripheral Vα7.2
high T cell numbers in 51 neonates with early-onset infection. Of note, when infection was microbiologically documented (85% of cases), it usually corresponded to known riboflavin-producing pathogens (Escherichia coli, Candida albicans, Pseudomonas aeruginosa, group B Streptococcus). Although relative frequencies of Vα7.2 + CD161 high T cells at birth were slightly lower in newborns with early-onset infection than in those without infection, their absolute numbers were not different (Fig. 4 A) . Moreover, Vα7.2 + CD161 high T cell frequencies showed a similar inverse relationship with gestational age in uninfected and infected neonates (Fig. 4 B) and a similar increase during the first 2 mo of life (Fig. 4 C) . There was no difference in the Vα7.2 + CD161 high T cell maturation profile (CD45RO or CD8β) according to the presence or absence of infection (not depicted).
Extremely preterm neonates in the intensive care unit (ICU) are at high risk of developing infections related to invasive aspects of intensive care. Adult patients with severe nonstreptococcal bacterial infections display an early decrease in MAIT cell count, and the persistence of MAIT depletion is associated with further development of ICU-acquired infections (Grimaldi et al., 2014) . We thus analyzed Vα7.2 + CD161
high T cell numbers according to the presence or absence of infection acquired during the first 3 wk of life but found no difference (mean absolute number ± SEM at day 60: 3.1 ± 0.8/µl and 2.9 ± 1.5/µl, respectively; NS).
Collectively, these results indicate that neonatal infection is not associated with any changes in peripheral Vα7.2
high T cell levels or phenotype. In particular, early-onset infection with riboflavin-producing pathogens is not sufficient to induce significant expansion of circulating Vα7.2
high T cells in the postnatal period. In fetal and adult tissues, a large proportion of T cells (either Vα7.2 + or Vα7.2 − ) express high levels of CD161 (Leeansyah et al., 2014; Fergusson et al., 2016) , making the identification of MAIT cells difficult in tissues without RT-qPCR or MR1-tetramer staining. Still, the dynamic of Vα7.2 + CD161 high T cell accumulation in tissues after birth is not known. We analyzed the frequencies of Vα7.2 + and Vα7.2 − CD161 high T cells among mononuclear cells isolated from surgically resected intestinal tissues of different anatomical locations (ileum, colon, rectum) in 16 children aged 1 mo to 16 yr (Fig. 4 D) . Whatever the child's age was, Vα7.2 + CD161 high T cells were relatively rare within normal intestine (mean percentage of CD3 T cells ± SEM: 0.27 ± 0.06%; n = 8 patients), i.e., at a proportion similar to those reported in fetuses and adults (Leeansyah et al., 2014; Serriari et al., 2014; Sundström et al., 2015; Fergusson et al., 2016) . They were barely detectable within appendixes (0.07 ± 0.03%; n = 5 patients). We also analyzed intestinal samples from three neonates with necrotizing enterocolitis, a devastating hyperinflammatory disease that mostly affects preterm newborns and likely results from inappropriate response to gut microbiota (Neu and Walker, 2011 
CD161
high T cells were 10 times more abundant than Vα7.2 + CD161 high T cells (Fig. 4 D) . In contrast with thymic and cord blood cells, Vα7.2
high T cells express a memory (CD45RO + ) phenotype in fetal mucosae (Leeansyah et al., 2014) . Similarly, in intestinal samples, most Vα7.2 + CD161 high T cells expressed CD45RO (mean 91% CD45RO + ) and high levels of CD69, a marker of tissue-resident memory T cells (Sathaliyawala et al., 2013; Thome et al., 2014; 70-100% being CD69 + ; Fig. 4 E) . Conversely, only a fraction of Vα7.2 − CD161 high and conventional T cells expressed a memory phenotype, in agreement with recent data in mucosal tissues from pediatric organ donors (Thome et al., 2016 high T cells. Expression of IL-12Rβ2 and IL-23R was much lower but again comparable in cord blood and adult cells (Fig. 5 A) . This suggests that the low expansion of naive Vα7.2 + CD161
high T cells after birth or after HSCT is not related to hyporesponsiveness to innate or homeostatic cytokines.
The PLZF transcription factor is considered a master regulator of innate-like T cell development and maturation, including NKT and γδ T cells (Kovalovsky et al., 2008; Savage et al., 2008) . A gradual acquisition of PLZF expression occurs between stage 2 and stage 3 MAIT cells in the thymus (Koay et al., 2016) and continues during postthymic maturation of MAIT cells in peripheral blood (Cui et al., 2015; Rahimpour et al., 2015) . We found that naive cord blood Vα7.2
high T cells expressed significantly lower levels of PLZF than adult ones (Fig. 5 B) , suggesting that final maturation of cord blood Vα7.2 + CD161 high T cells requires an early activation signal after birth. Notably, a significant proportion of naive cord blood Vα7.2 + CD161 high T cells expressed measurable level of CD25 (Fig. 5 B) , and PLZF levels were significantly higher in CD25-positive cells than in CD25-negative cells (Fig. 5 C) . This may be related to a low level of stimulation by microbial antigen already available at birth, as also suggested by the higher proportion of cycling cells in cord blood Vα7.2 + CD161 high T cells in comparison with adult ones (mean Ki67 expression: 4% vs. 0.65%; Fig. 5 D) .
Adult MAIT cells are hypoproliferative in vitro compared with other T cell subsets (Dusseaux et al., 2011; Turtle et high cells were stained with the MR1 :5 -OP -RU tetramer in adult blood, in contrast with only 2-15% in cord blood (Fig. 6 A) , in line with previous results Koay et al., 2016) .
We further characterized the α chain of these populations by deep sequencing and found that the Vα7.2 + CD161 high tetramer pos subset in cord blood was highly enriched in the canonical MAIT TCR α chain compared with the tetramer neg subset (Fig. 6 B) . Yet, the canonical MAIT TCR α chains were more frequent in the Vα7.2 + CD161 high tetramer neg than in the Vα7.2 + CD161 − population. These results fully support our initial analysis of the TCR α chain in cord blood subsets (Fig. 1 A) . Altogether, they suggest that the CD161 high phenotype in cord blood Vα7.2 + T cells delineates a subset of cells enriched in the canonical MAIT TCR α chain, with only a part reactive to 5-OP-RU presented by MR1, certainly according to the fine specificity imparted by the TCR β chain. It is likely that these few clones then expand to form the adult MAIT pool because almost all Vα7.2 + CD161 high cells in adult blood express the canonical MAIT TCR and are stained by the MR1 :5 -OP -RU tetramer. We therefore studied peripheral blood samples from 83 healthy infants aged from 1 d to 12 mo and found that the proportion of MR1 :5 -OP -RU tetramer pos cells increased very rapidly, representing already more than 50% of Vα7.2
high cells at 1 mo of life and the vast majority at 6 mo ( Fig. 6 C) . Conversely, MR1 :5 -OP -RU tetramer neg cells tended to disappear (Fig. S2) (Fig. 6 D) .
Altogether, these results indicate that expansion and maturation of the tetramer pos cells within the Vα7.2 + CD161 high population occurs in the first days after birth, suggesting the presence of some 5-OP-RU ligand providing an early maturation signal. This signal is likely not quantitatively sufficient to drive significant expansion of peripheral blood MAIT cells, which remain in very low amounts at this stage. high T cell responses to microbial MR1 ligands. Freshly isolated CD4-negative T cells were cultured overnight in the presence or absence of THP-1/E. coli or THP-1 alone as negative control, at a 1:1 THP1/CD8 T cell ratio. Intracellular accumulation of IFNγ (left) and GrB (right) in Vα7.2 + CD161 high cells from cord blood or healthy adult control was evaluated by flow cytometry. *, P < 0.01; ***, P < 0.0001.
To verify our hypothesis that the fine specificity of the TCR conferred by the β chain must be important for 5-OP-RU recognition and cell expansion, we studied TCR β chain repertoire of adult and cord blood subsets. Adult MAIT cells display oligoclonal expansions with high clonal size and biased TRBV usage (Tilloy et al., 1999; Lepore et al., 2014) . Although cord blood MAIT cells display a diverse repertoire as studied with anti-Vβ antibodies (Walker et al., 2012) , no extensive molecular characterization of their TRBV repertoire has been performed so far. Using 5′ rapid amplifica- Fig. 1 B) − ) and to the same subsets in adult blood. Importantly, memory (CD45RO + ) subsets were sorted in adult blood, to allow a meaningful comparison with adult MAIT cells, which are all memory. The rarefaction curves of different subsets, which represent cumulative frequency of individual clonotypes ranked by decreasing frequency, were compared (Fig. 7 A) . For cord blood subsets, the curves were straight and overlapping, indicating similar high diversity between the subsets. From cell dilution experiments, we estimated the 5′RACE template exchange efficacy during the reverse transcription step at ∼1-2% (not depicted). Because only 3,000 cells from cord blood were studied, the 30-60 clones making up 80-90% of the reads indicate that all the T cell expressed a different TCR. Identical results were obtained for four cord blood donors (Fig. S3) . In contrast, although 10 times as many cells (35,000) were studied, adult MAIT cells encompassed oligoclonal expansions with less than 10 clones making up to 80% of the reads. Albeit less strikingly than in the donor depicted in Fig. 7 A, adult MAIT cells harbored similar oligoclonal expansions in the 13 donors studied (Fig.  S3 ), in line with previous data (Tilloy et al., 1999; Lepore et al., 2014) . In many cases, the oligoclonality of MAIT cells was similar to that of the other subsets, certainly because only memory (CD45RO + ) CD8 + T cells were included in our sorting, contrary to a previous study (Lepore et al., 2014) , and memory CD8 T cells are known to include oligoclonal expansions (Hingorani et al., 1993) .
We then assessed whether cord blood and adult blood Vα7.2 + CD161 high T cells displayed similar biases in the TCR β chain repertoire. TRBV and TRBJ biases were conserved between donors, excluding a stochastic process. We observed preferential usage of TRBV 4.3, 6.4, 15, and 20.1 and TRBJ 2.6 and lower usage of TRBV 4.1 and 5.1 and TRBJ 1.2 in adult MAIT cells in comparison with both other memory adult CD8 T cell subsets (not depicted) and cord blood Vα7.2 + CD161 high (Fig. S4 , summarized in Fig. 7 B, left panel for TRBV, right panel for TRBJ). Importantly, no such TRBV or TRBJ usage bias was observed for cord blood Vα7.2
high in comparison with other cord blood CD8 subsets (Fig. S5) , suggesting that the TRBV bias observed in adult MAIT cells is not related to a pairing problem. However, when comparing cord blood Vα7.2 + CD161 high MR1 :5 -OP -RU tetramer pos and tetramer neg subsets (Fig. 7 C) , similar to adult MAIT cells, we observed that cord blood MR1 :5 -OP -RU tetramer pos population tended to express less TRBV4.1, TRBV5.1, and TRBJ1.2 as well as more TRBV6.4 compared with the MR1 :5 -OP -RU tetramer neg population. No similar biases between cord blood MR1 :5 -OP -RU tetramer pos and adult MAIT cells were observed for the other segments, but this is probably related to a lack of experimental power because of the very low number of cells studied for the tetramer-positive subset (50 cells). Altogether, these data indicate that the fine specificity of the TCRβ chain is involved in MR1 :5 -OP -RU complex recognition in accordance with structural data . dIscussIon Here, by combining flow cytometry, deep sequencing, and further MR1 :5 -OP -RU tetramer staining, we decipher the postnatal development of human MAIT cells and other Vα7.2 + and Vα7.2 − CD161 high subsets. We longitudinally characterize the maturation and expansion of these populations in infancy and after cord blood transplantation, two clinical settings sharing some similarities for establishment of mature protective immunity. The remarkably superimposable results observed in these two situations allow us to provide a new view of MAIT cell ontogeny in the human.
We characterize three distinct human CD3 + CD4 − CD161 high populations present at birth: (1) a subset of Vα7.2 + cells enriched in the canonical MAIT TCR α chain, among which a fraction is reactive to 5-OP-RU presented by MR1 (possibly as a result of the β chain usage), is the naive counterpart of mature MAIT cells found in adult blood and corresponds to the recently described stage 3 MAIT cells that just exit the thymus (Koay et al., 2016) ; (2) a subset of Vα7.2 + cells not reactive to 5-OP-RU presented by MR1, which predominate at birth but are rapidly outnumbered by MR1 :5 -OP -RU reactive cells; (3) an abundant subset of Vα7.2 − cells, the proportion of which remain stable over time. These three populations are already present at midgestation as observed in the cord blood of high-preterm neonates, in line with their presence in the thymus of aborted second-trimester fetuses (Leeansyah et al., 2014) . These Vα7.2 + and Vα7.2 − CD161 high populations likely share a common prenatal developmental program, as suggested by the strong correlation we observe between their frequencies at birth. Moreover, their percentages are highly similar in both monozygotic or dizygotic twin pairs, suggesting that prenatal environmental factors may also control their development. Although it is highly probable that CD161 high cells expressing the canonical MAIT TCR are selected on MR1 expressed by double-positive thymocytes, the cell type and molecule selecting CD161 high cells that do not express the canonical MAIT TCR remain elusive.
At birth, Vα7.2 + CD161 high cells exhibit a naive phenotype and intermediate PLZF levels. Accordingly, they are unable to rapidly produce cytokines or cytotoxic molecules in response to bacterial ligands, in contrast with mature adult MAIT cells. Neither do they respond to stimulation by exogenous IL-12 and IL-18, despite high expression of the receptors for these cytokines. Strikingly, although they represent a minor proportion of Vα7.2
high cells at birth, MR1 :5 -OP -RU tetramer pos cells very rapidly predominate over tetramer neg cells. By the age of 6 mo, almost all Vα7.2 + CD161 high T cells are MR1 :5 -OP -RU -reactive MAIT cells. Therefore, the term MAIT cells can be confidently assigned to Vα7.2 + CD161 high CD4 − T cells from the age of 6 mo after birth (or after HSCT), a crucial point for previous or further human studies conducted in the absence of MR1 tetramer identification.
Importantly, this complete shift in the proportion of tetramer pos MAIT cells within the Vα7.2 + CD161 high pool is concomitant with their activation (CD69 + ) and maturation (CD45RO + ). It is likely that colonization by the commensal microbiota provides a key early activation signal, as supported by the impaired development and maturation of MAIT cells in germ-free mice compared with specific pathogen-free mice (Martin et al., 2009; Koay et al., 2016) . Whether MAIT cell maturation in the early postnatal period is correlated with the gut microbiota diversity or function (availability of riboflavin metabolites) is currently under investigation in our laboratory. However, although microbe-mediated expansion of peripheral MAIT cells was demonstrated in mouse infection models (Meierovics et al., 2013; Chen et al., 2017) , early-or late-onset neonatal microbial infection is not sufficient to induce a significant expansion in circulating MAIT cells. Indeed, MAIT cells very slowly populate the periphery during infancy, taking ∼5-6 yr to achieve adult levels. This gradual process, observed both in childhood and after cord blood transplantation, is not related to a MAIT-cell intrinsic proliferative defect. Rather, it may reflect specific requirements to allow for continuous proliferation, such as repeated exposure to pathogenic bacteria that provide more than single TCR/MR1 :ligand interactions. In mice, administration of synthetic 5-OP-RU alone causes CD69 up-regulation but does not result in MAIT proliferation, whereas the addition of Toll-like receptor agonists causes high levels of activation and proliferation of the MAIT cell pool (Chen et al., 2017) . It is possible that some pathogens provide higher amounts of MAIT-activating ligands or an inflammatory/cytokine context allowing larger cell expansion than other pathogens, as shown by the tremendous MAIT expansion in mice during Francisella tularensis infection (Meierovics et al., 2013) . Several lines of evidence indicate that MAIT cells can adapt their proliferative and effector responses depending on the microbial and inflammatory signals present (López-Sagaseta et al., 2013; Gold et al., 2014; Slichter et al., 2016; Dias et al., 2017) .
Our repertoire analysis of Vα7.2 + CD161 high cord blood and adult subsets indicates that the fine specificity of the TCR conferred by the β chain must be important for 5-OP-RU recognition and expansion of Vα7.2 + CD161 high T cells expressing the canonical MAIT TCR α chain. These results are consistent with structural data . Only the few MR1 :5 -OP -RU reactive Vα7.2 + CD161 high T cells that display a TRAV and TRBV repertoire very similar to adult MAIT cells expand in periphery to form the adult MAIT pool, diluting both the Vα7.2 − CD161 hi and Vα7.2 + CD161 hi MR1 :5 -OP -RU tetramer neg T cells. Collectively, these results suggest that expansion of these few clones already present at birth is driven by repeated interactions with riboflavin-expressing pathogens encountered during the first years of life. Notably, MAIT cell levels exhibit very large interindividual variability (over one log range) in child and adult blood. It is tempting to speculate that microbial infection history contributes to the variable extent of MAIT cell expansion. Only a careful longitudinal analysis of MAIT levels in several populations of various ages in various environments will answer this question. high cells in the intestine of HSCT recipients, in particular during the course of aGVHD, is quite surprising. Mucosal disruption, microbial translocation, and inflammation contribute to aGVHD pathogenesis and should allow at least a few graft-derived Vα7.2 + CD161 high cells to rapidly home to mucosal sites. MAIT cells are highly sensitive to apoptotic stimuli (Gérart et al., 2013) . One hypothesis is that microbial translocation triggers activation-induced apoptosis of newly generated MAIT cells within mucosal tissues or that posttransplant CS therapy exacerbates apoptotic sensitivity and prevents MAIT survival in tissues.
In addition to providing a more complete view of the physiological MAIT cell development, our results have important implications for appreciating the impact of MAIT cell loss in other situations. Thus, in line with our observation after cord blood transplantation, MAIT cells remained undetectable up to 2 yr after autologous HSCT in patients with multiple sclerosis (Abrahamsson et al., 2013) . MAIT loss was correlated with good clinical response, supporting MAIT involvement in the disease pathology. Whether the benefit is still maintained at a time MAIT cells recover, i.e., 5-6 yr after transplantation, will deserve investigation. Our data may also explain the lack of circulating MAIT recovery in otherwise successfully treated HIV-infected patients (Cosgrove et al., 2013; Leeansyah et al., 2013) . Rather than evoking an irreversible MAIT loss in a context of HIV infection, it is more likely that complete MAIT recovery requires a minimum of 5-6 yr after initiation of antiretroviral treatment, as indicated by our preliminary results on long-term treated HIV patients (M. Lambert and S. Caillat-Zucman, personal data).
Finally, our results indicate that the early expansion of MAIT cells after birth dilutes Vα7.2 + CD161 high cells not reactive to 5-OP-RU presented by MR1. Part of these MR1 :5 -OP -RU tetramer neg express the canonical MAIT TCR α chain and are thus likely selected on MR1 in the thymus. Because a formal demonstration of their MR1 restriction is not feasible in humans, single-cell TCR sequencing followed by TCR reexpression would be necessary to formally characterize the MR1 :5 -OP -RU tetramer neg cells that express the canonical TCR α chain. Whether these cells recognize empty MR1 or other MR1 ligand present during fetal life and around birth remains unknown. Nonstimulatory/ inhibitory ligands, such as 6F-P and other pterin-based small drug-derived molecules, lead to high levels of MR1 surface expression and can inhibit MAIT cell activation by 5-OP-RU (Keller et al., 2017b) . Such MR1 ligands might outcompete microbial ligands until those become quantitatively or qualitatively predominant after birth.
In conclusion, our in-depth analysis of the kinetics of MAIT cell development and its correlation with microbial or nonmicrobial environmental exposures highlights important defects in the newborn, as demonstrated for many other cellular and molecular components of innate immune responses (Kollmann et al., 2017) . Whether this may contribute to the increased susceptibility of preterm neonates to severe microbial infections remains an open issue because selective MAIT cell deficiency has not been reported so far in humans. It is tempting to propose that neonatal and even prenatal (i.e., maternal) manipulation of MAIT cell numbers or functions by targeted interventions, such as exposure to probiotics or regulation of metabolic pathways, might optimize newborn defense toward severe microbial infections. The recent success of a synbiotic trial associating Lactobacillus plantarum to fructooligosaccharides to prevent sepsis in rural Indian newborns paves the way for such investigation (Panigrahi et al., 2017) .
MAterIAls And MetHods subjects
The first neonate cohort consisted of 153 consecutive newborns admitted at birth in the neonatology department and divided into four groups according to gestational age (GA): group 1, GA 24-27 wk ± 6 d (n = 28); group 2, GA 28-31 wk ± 6 d (n = 48); group 3, GA 32-36 wk ± 6 d (n = 41); group 4, term (>37 wk), hospitalized for jaundice, respiratory distress, or suspicion of early-onset infection (n = 36). Leftovers of systematic blood count tests performed during usual monitoring of the patients were obtained at birth (day 0, all groups), day 3 (all groups), day 30 (groups 1 and 2, and group 3 if the infant was still hospitalized), and day 60 (group 1, and group 2 if the infant was still hospitalized).
To confirm and extend the finding obtained from this first cohort, we included neonates from a second, independent cohort of 132 consecutive newborns similarly divided into four groups (group 1, n = 28; group 2, n = 32; group 3, n = 45; group 4, n = 27).
Mothers of newborns were sampled on the day of delivery. Whenever possible, pregnant women between 24 and 34 wk of gestation at risk of imminent preterm delivery were administered betamethasone (two 12-mg intramuscular doses 24 h apart) as the standard of childbirth care to improve newborn outcomes.
The cord blood transplant recipient group consisted of 17 consecutive children undergoing HSCT from UCB donors for a hematological malignancy in the hematology department between January 2013 and January 2015. Mean age at time of transplantation was 6.5 yr (range, 1.5-13 yr). Myeloablative conditioning regimen was provided either with VP16 associated to total body irradiation or with cyclophosphamide and busulfan. Primary prophylaxis of GVHD consisted of a calcineurin inhibitor and methylprednisolone (1 mg/kg/d 3 d before to 4 d after graft infusion, then 1.5 mg/ kg/day until engraftment and subsequent tapering through day 45 in the absence of aGVHD or 2 mg/kg/day for 7 d and subsequent tapering through months in case of GVHD). Blood samples were obtained for assessment of immunological recovery at 1, 3, 6, and 12 mo after HSCT as the standard of care. To evaluate long-term recovery of MAIT cells, we analyzed blood samples taken 1-6 yr after HSCT in 20 additional UCB recipients at the time of a routine hospital visit.
Control peripheral blood samples were obtained from a first cohort of 79 healthy children aged 10 mo to 17 yr and a second cohort of 83 healthy infants aged 1 d to 12 mo (all sampled at the time of preoperative assessment or potential sibling donors of HSCT recipients) and 50 healthy adult blood donors (18-50 yr of age). Cord blood samples from full-term healthy neonates were obtained from the Department of Cellular Therapy (J. Larghero, Saint-Louis Hospital, Paris, France).
cells and cell lines
Peripheral blood and cord blood mononuclear cells were isolated by Percoll density gradient centrifugation (Eurobio) and used immediately. Where indicated, CD8 T cells were enriched by using magnetic bead negative selection (Easy Sep Human CD8 isolation kit; Stemcell) per the manufacturer's instructions.
The THP1 cell line was cultured at 37°C in RPMI 1640 medium (Gibco) supplemented with 10% FCS and 1% penicillin and streptomycin.
Flow cytometry MAIT cells were analyzed in parallel with other innate-like (Vα24 + NKT cells and γδ T cells) and conventional αβ T lymphocytes on 100-µl residual whole blood within 24 h after collection. Multiparametric 10-color flow cytometry analyses were performed by using combinations of the following antibodies for 15 min at 4°C: anti-CD45 Krome Orange, anti-CD3 ECD, anti-CD8β PE or ECD, anti-TCR γδ PE Cy5.5, anti-TCR Vα24 PE Cy7 (all from Beckman Coulter); anti-TCR Vα7.2 FITC or APC (clone 3C10), anti-CD69 PeCy7, anti-CD25 BV421, anti-CD161 PerCP Cy5.5 or BV421, anti-CD4 AF700 (Biolegend); anti-CD161 APC, anti-CD3 APC Vio770 (Miltenyi); anti-CD4 APC AF750 (Invitrogen); anti-CD3 PerCP, anti-CD45RO FITC or APC AF700, anti-IL-12Rβ1 PE, anti-IL-12Rβ2 PE, anti-CD127 (IL-7R) BV421 (BD Biosciences); anti-IL-18Rα AF488 and anti-IL-23R PE (R&D); Zombie Aqua Live/Dead (BioLegend). For intracellular staining, cells were first stained with antibodies against surface antigens, then fixed/permeabilized, washed, and incubated with anti-Ki67 PE, anti-IFNγ FITC, anti-GrB PE, or anti-PLZF PE (BD Biosciences) at 4°C for 20 min. Data were acquired on a Navios flow cytometer (Beckman Coulter) collecting a total of at least 100,000 events in a live gate. Gates were defined through isotype and fluorescence-minus-one stains. The gating strategy was CD45 versus side scatter, and MAIT cells were defined as CD3 + CD4 − TCRγδ − CD161 high Vα7.2 + T cells. Frequencies were expressed as a percentage of CD3 + lymphocytes. Absolute numbers (per microliter) were calculated from the absolute lymphocyte count determined on the same sample with a hematology automated analyzer. Where indicated, staining with the APC-conjugated MR1 :5 -OP -RU or MR1 :6 -FP tetramer (dilution 1:600, NIH tetramer core facility) was performed for 45 min at room temperature before surface staining with other antibodies for 20 min at 4°C. Data were analyzed by using FlowJo software.
Functional assays
For proliferation assays, freshly purified peripheral blood, and cord blood mononuclear cells were labeled with 1 µM CFSE (Invitrogen) and cultured in the presence of 20 U/ml IL-2 with or without mitogen (5 µg/ml PHA) for 6 d.
For ex vivo stimulation assays, THP-1 cells were incubated with 1% paraformaldehyde-fixed E. coli (DH5α; S. Bonacorsi, Robert Debré Hospital, Paris, France) at 25 bacteria per cell for 24 h. Freshly isolated CD8 T cells were cultured overnight in the presence of THP-1/E. coli, or THP-1 alone as negative control, at a 1:1 THP1/CD8 T cell ratio. Brefeldin A was added for the last 3 h. Alternatively, cells were stimulated for 5 or 12 h with 50 ng/ml PMA plus 250 ng/ ml ionomycin or with a combination of 10 ng/ml IL-12 and 100 ng/ml IL-18 (R&D).
tissue analysis
Intestinal tissue leftovers from different anatomical locations were obtained from children undergoing various surgical procedures. Control samples were taken from uninvolved intestine segments after surgical resection for bowel perforation, volvulus, or stenosis (n = 8). In addition, tissues were obtained from children undergoing surgery for appendicitis (n = 5) or necrotizing enterocolitis (n = 3).
For ex vivo analysis of infiltrating lymphocytes, intestinal tissues were cut into small pieces and washed in PBS. The mucosa was separated from the serosa with scissors, cut into 1-5-mm strips, and incubated for 15 min at 22°C in serum-free RPMI medium with 200 µg/ml type II DNase I (Sigma-Aldrich). The remaining mucosa strips were gently crushed and filtered through 40-µm cell strainers to isolate mucosal mononuclear cells. Cells were immediately stained and analyzed by flow cytometry.
For immunohistochemical analysis, 5-µm-thick formalin-fixed, paraffin-embedded tissue sections were prepared from surgically resected intestinal tissues (n = 8 patients) and intestinal biopsies taken for diagnostic purposes in HSCT recipients (aGVHD, n = 5 vs. viral infection, n = 4). In brief, serial sections were incubated for 15 min at room temperature with anti-CD3, anti-CD8 (BD BioSciences), or anti-Vα7.2 (Biolegend) antibodies, detected by polymeric alkaline phosphatase (AP)-or horseradish peroxidase (HRP)-linker antibody conjugate (Bond Polymer Refine Detection, Novocastra; Leica Biosystems). Slides were counterstained with hematoxylin and observed with Leica DM4000 B Led microscope. Images were processed with a DFC 310 FX camera (Leica Microsystems).
qPcr analysis for MAIt α chain expression RNA was extracted from FACS-sorted CD3+ CD4-Vα7.2 + CD161
high and CD161 − populations (2,500-8,000 cells) in RLT using a single cell RNA purification kit (Norgen) with an on-column DNase step (Qiagen), according to the manufacturer's guidelines. RNA integrity was checked on a bioanalyzer by using a pico chip (Agilent Technologies). Reverse transcription was performed with the Superscript II (Invitrogen) enzyme by using 12.5 µg/ml random primers and oligodT. qPCR was realized on a Light Cycler 480 (Roche) by using the Light Cycler 480 probe master mix (Roche) and the following primers (Eurogentec): Vα7.2 for (5′-TCC TTA GTC GGT CTA AAG GGT ACAG-3′) and Jα33 rev (5′-CCC AGC GCC CCA GAT TAA-3′) or Cα rev1 (5′-GGC AGA CAG ACT TGT CAC TGG AT-3′) for TRAV amplification, Cα for (5′-ACC CTG ACC CTG CCG TGT-3′), and Cα rev2 (5′-GGC TGG GGA AGA AGG TGT CTT-3′) for TRAC amplification. MGB probes (Thermo Fisher Scientific) were added for detection: Vα7.2 (5′-TGA AAG ACT CTG CCT CTT ACC TCT GTGC-3′) and Cα (5′-GCA TGT GCA AAC GCC TTC AAC AACA-3′). Relative expression was calculated by using the 2-ddCt method, and the median of adult Vα7.2-Jα33 expression was set to 100% expression. trAV1-2 and tcrβ repertoire analysis by multiplex Pcr and high-throughput sequencing RNA extraction and RT were performed on FACS-sorted populations (2,500-8,000 cells for bulk Vα7.2 + populations, 50 and 1,000 cells for Vα7.2 + CD161 high MR1 :5 -OP -RU + and MR1 :5 -OP -RU − populations, respectively) by using the same protocol as for the qPCR. Two semi-nested PCR were realized by using only the TRAV1 primer for the α chain and a pool of β chain primers, as described in (Han et al., 2014) . Fluidigm barcodes were added by a third PCR on purified PCR products (Agencourt AMPure XP beads; Beckman Coulter), and sequencing was performed by the Institut Curie NGS platform on a MiSeq apparatus (Illumina-V2-2*250 base-paired end reads). Only predicted productive TCR rearrangements with more than one read were kept for downstream analysis.
tcrβ repertoire analysis by rAce technique TCRβ repertoires were obtained using a modified 5′RACE technique as described (Vera et al., 2013) . The libraries were sequenced by using either an Ion PGM (Ion 318 Chip vx 400 base reads Life Technologies) or a MiSeq (Illumina-v3 kit-2 × 300 base paired end reads) apparatus on the ICG EX platform (Institut Curie) as described in (Cui et al., 2015) . Each dataset was demultiplexed and trimmed for base quality (>25) and read length (>250 bp). Paired reads were merged by using flash v1.2.10 program (-m30-M135-t10-×0.1; Magoč and Salzberg, 2011 ). Resulting fasta files were then uploaded onto IMGT/high V-Quest webserver (Li et al., 2013 ; allele*01 only), and the "Junction" file was parsed by using an in-house R script to extract information regarding the V-J combination and the CDR3 nucleotidic composition. Only predicted productive TCR rearrangements were kept for downstream analysis. β-repertoire sequencing data were analyzed by using R (R Development Core Team, 2012) and vegan packages. To normalize for uneven numbers of reads, each dataset was subsampled 100 times at 5,000 reads depth. Then an average rarefaction matrix was computed from the 100 subsampled tables. Rarefaction plots were computed by using the average rarefied matrix.
statistical analysis
Differences between groups were analyzed by using nonparametric tests for paired (Wilcoxon) and unpaired (MannWhitney or Kruskall-Wallis) groups or one-way ANO VA with posttest for linear trend. Error bars represent SEM unless otherwise specified. Correlations were assessed by using the Spearman rank correlation. Linear regression analysis was used to test associations between the log-transformed cell levels and clinical variables. Two-sided p-values <0.05 were considered significant. No statistical method was used to predetermine sample size. Analyses were performed by using Prism software v.6 (GraphPad).
study approval
The study was performed with the approval of the Robert Debré Hospital Ethics Committee (HREC 2013/49) and the CPP Ile de France IV (2015/03NICB), in agreement with the principles of the Declaration of Helsinki and French legislation. All subjects (or their parents) provided written, informed consent. The study was registered in a public trial registry: ClinicalTrials.gov number NCT02403089.
online supplemental material Fig. S1 shows absolute numbers of Vα7.2 + CD161 high T cells and related T cell subsets in the first neonate cohort, and their frequencies in the two combined cohorts. Fig. S2 shows the proportion of MR1 :5 -OP -RU tetramer pos and tetramer neg Vα7.2 + CD161 high T cells during the first year of life. Fig. S3 shows the TCRβ repertoire analysis (rarefaction curves) of MAIT cells and related T cell subsets in 4 cord blood and 13 adult blood samples. Fig. S4 shows the TRBV and TRBJ fragment usage of Vα7.2 + CD161 high T cells in 4 cord blood and 14 adult blood samples. Fig. S5 shows the comparison of the TRBV and TRBJ fragment usage in MAIT cells and related T cell subsets in 4 cord blood samples.
